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SUMMARY 

A wind- tunnel   inves t iga t ion  w a s  conducted  for  a 0.035-scale   ful l -span 
model  of the  KC-135A to i d e n t i f y   c h a n g e s   i n   s t a b i l i t y   a n d   c o n t r o l   c h a r a c t e r i s -  
tics due to  t h e   a d d i t i o n  of w ing le t s .   Lowspeed   da t a  (Mach n m b e r  of  0.30) 
were ob ta ined  a t  ang le s  of attack f r an   approx ima te ly  -8O t o  16O and a t  ang le s  
of s i d e s l i p   u p  to approximately rtl2O. High-subsonic-speed  data were o b t a i n e d  
a t  Mach numbers fran 0.50 t o  0.82, a t  angles  of attack f r an   approx ima te ly  -6O 
to 1 60, and a t  ang le s  of s i d e s l i p  of Oo, 5O, and -5O. 

The results i n d i c a t e   t h a t   w i n g l e t s   p r o d u c e   f a m r a b l e   e f f e c t s   o n   t h e  
l i f t - c u r v e  slope a n d   l o n g i t u d i n a l   s t a b i l i t y ,  require o n l y  small c h a n g e s   i n  
h o r i z o n t a l - t a i l   d e f l e c t i o n   f o r  trim, delay  pi tch-up,   and  increase  the la teral-  
d i r e c t i o n a l   s t a b i l i t y .  A t a b u l a r  summary  of t h e  papers i n   t h e  ser ies  Of inves-  
t i g a t i o n s  of w ing le t s   on   t he  KC-135A is included.  

INI'RODUCTION 

Wing le t s ,   desc r ibed   i n   r e f e rence  1 ,  are in tended  t o  p r o v i d e   r e d u c t i o n s   i n  
drag  due t o  l i f t  a t  subsonic   speeds .  T o  f u l l y   e x p l o r e   t h e   a p p l i c a b i l i t y  of 
winglets ,   the   Nat ional   Aeronaut ics   and  Space  Adminis t ra t ion (NASA) has  been 
conduc t ing   ex tens ive   expe r imen ta l   i nves t iga t ions  of t h e  use of wingle t s   on   var i -  
ous j e t  t r a n s p r t s .   ( S e e   r e f s .  2 t o  5. ) The results of one  of   these  invest iga-  
t i ons   i nd ica t ed   t ha t   w ing le t s   r educed   i nduced   d rag  on a U.S. A i r  Force  KC-1 35A 
f i r s t - g e n e r a t i o n   j e t - t r a n s p r t  model by approximate ly  20 pe rcen t   w i th  a result- 
i n g   i n c r e a s e   i n  wing l i f t - t o - d r a g  ra t io  of about 8 pe rcen t   ( r e f s .  5 to  7 ) .  A s  
a resul t  of t h a t   i n v e s t i g a t i o n ,  NASA and t h e  U.S. A i r  F o r c e   h a v e   i n i t i a t e d  a 
j o i n t   f l i g h t   r e s e a r c h   a n d   d e m o n s t r a t i o n  program to de te rmine   t he   e f f ec t iveness  
of wing le t s  on t h e  KC-135A. I n   s u p p o r t  of t h e   f l i g h t  pogram, wind-tunnel 
i n v e s t i g a t i o n s  have  been  conducted in   t he   Lang ley   8 - foo t   t r anson ic   p re s su re  
tunne l   ( r e f s .  8 t o  9) . 

The inves t iga t ion   r epor t ed   he re in   has  been  conducted t o  i d e n t i f y   a n y  
changes i n   s t a b i l i t y   a n d   c o n t r o l   c h a r a c t e r i s t i c s  due t o  t h e   a d d i t i o n  of wing- 
lets.  T h e r e f o r e ,   t h e  results have  been  analyzed  with  emphasis   on  the  differ-  
ences  between  the basic KC-135A and t h e  KC-135A w i t h   w i n g l e t s  as well as 
v a r i a t i o n s   i n   s t a b i l i t y   c h a r a c t e r i s t i c s  a t  cr i t ical  design-load  condi t ions 
i d e n t i f i e d   i n   r e f e r e n c e  10. 

The c u r r e n t  paper p resen t s   fo rce   and  manent d a t a   o b t a i n e d  on a 0.035-scale 
fu l l - span  model of t he  KC-135A. Lm-sspeed d a t a  (Mach number a t  0.30) are pre- 
s e n t e d  a t  angles  of attack f r an   approx ima te ly  -8O to  16O and a t  ang le s  of s ide -  
s l i p  up t o  approximately  fl2O. The d a t a  a t  s i d e s l i p   a n g l e s  greater than  5O were 
obta ined   in   the   Langley   h igh-speed  7- by 10-foot   tunnel .   Higksubsonic-speed  
d a t a  are presented  a t  Mach numbers f r a n  0.50 t o  0.82, a t  ang le s  of a t tack from 
approximately -6O to 16O, and at angles  of s i d e s l i p  of Oo, 5O, and -5O. 



This  paper is one of a series of papers to r e p o r t   t h e  r e sd t s  of a number 
of i n v e s t i g a t i o n s  of NASA designed  winglets   on KC-135A models. Table  I lists 
t h e s e  papers a long   wi th  a s h o r t  model d e s c r i p t i o n ,   t h e  Mach number range,  and 
a b r i e f   d e s c r i p t i o n  of t h e  more important  data presented   and  discussed. 

SYMBOLS 

The results p r e s e n t e d   i n   t h i s  report are referred to t h e   s t a b i l i t y - a x i s  
system for the   l ong i tud ina l   ae rodynamic   cha rac t e r i s t i c s   and  to the  body-axis 
s y s t e m   f o r   t h e   l a t e r a l - d i r e c t i o n a l   a e r o d y n a m i c   c h a r a c t e r i s t i c s .  Force and 
moment data have  been reduced to c o n v e n t i o n a l   c o e f f i c i e n t  form based  on  the 
geometry of t h e  basic wing  planform. Moments are referenced  to t h e   q u a r t e r -  
chord   po in t  of t h e  mean aerodynamic  chord of t h e  basic wing ( f i g .  1) . A l l  
d imensional   values  are g i v e n   i n   b o t h   t h e   I n t e r n a t i o n a l   S y s t e m  of Uni t s  (SI )  and 
U.S. Customary  Units;  however, a l l  measurements  and  calculations were made i n  
U.S. Custanary  Units .  (See ref. 11 .) 

Coef f i c i en t s   and  symbols used he re in  are de f ined  as fol lows:  

b wing span,  138.7 cm (54.6 i n . )  

CD d r a g   c o e f f i c i e n t ,   D r a g / s S  

CL l i f t  c o e f f i c i e n t ,   L i f t / s S  

C L , t r i m  l i f t  c o e f f i c i e n t  a t  C, = 0 

cLol 
CZ rol l ing-moment   coeff ic ient ,   Rol l ing  moment/sSb 

l i f t - c u r v e  slope, ACL/Aa, per degree  

C 
1B 

ef fec t ive-d ihedra l   parameter ,  ACl/A6, per degree  

Cm p i tch ing-moment   coef f ic ien t ,   P i tch ing   mment /q>c  

c"cL 
l o n g i t u d i n a l - s t a b i l i t y   d e r i v a t i v e  (s ta t ic  margin) , ACnJACL 

Cm, o pi tching-moment   coeff ic ient  a t  z e r o   l i f t  

Cn yawing-moment c o e f f i c i e n t ,  Yawing moment/sSb 

C"B d i r e c t i o n a l - s t a b i l i t y  parameter, ACn/AB, per degree  

- 
C mean aerodynamic  chord of basic r e f e r e n c e  wing  panel , 21.03 cm 

(8.28 in . )  
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A 

wing-t ip   chord,  m ( in . )  

free-stream Mach number 

free-stream  dynamic  pressure,  kPa ( p s f )  

Reynolds number per u n i t   l e n g t h ,  per m (per f t )  

basic wing  planform  reference area, 0.270 m2 (2.906 f t 2 )  

angle  of attack, deg 

ang le  of s i d e s l i p ,   d e g  

increments   ob ta ined  by i n t e r p o l a t i o n  

l e f t  a i l e r o n   d e f l e c t i o n ,   p o s i t i v e   f o r   t r a i l i n g  edge down, deg 

r i g h t   a i l e r o n   d e f l e c t i o n ,   p o s i t i v e   f o r   t r a i l i n g   e d g e  down, deg 

f l a p   d e f l e c t i o n ,   p o s i t i v e   f o r   t r a i l i n g   e d g e  down, deg 

h o r i z o n t a l  t a i l  d e f l e c t i o n ,   p o s i t i v e   f o r   t r a i l i n g   e d g e  down, deg 

EXPERIMENTAL  APPARATUS AND PROCEDURES 

Test F a c i l i t i e s  

T h i s   i n v e s t i g a t i o n  was conducted i n   t h e   L a n g l e y   & f o o t   t r a n s o n i c  pressure 
tunnel   and  the  Langley  high-speed 7- by 10-foot   tunnel .  A d e t a i l e d   d e s c r i p t i o n  
of   both  wind  tunnels  i s  g i v e n   i n   r e f e r e n c e  12. 

Model   Descr ipt ion 

A st ing-mounted,  full-span,  0.035-scale model of the  KC-135A a i r c r a f t  w a s  
used i n   t h i s   i n v e s t i g a t i o n .   D r a w i n g s  of t h e  model are shown i n   f i g u r e  1 and 
photographs  of  the  model are shown i n   f i g u r e  2. Table  I1 p r e s e n t s   t h e   s e v e r a l  
c o n f i g u r a t i o n s   t e s t e d   d u r i n g   t h i s   i n v e s t i g a t i o n .  

Fuselage.- The model fuse l age   con tour s   c lo se ly   s imu la t ed   t hose  of t h e   f u l l -  
scale f u s e l a g e   w i t h   t h e   e x c e p t i o n  of t h e   a f t  lcwer-f   uselage  region.  An enlarge-  
ment of t h i s  area w a s  necessa ry  t o  accommodate t h e  model   support   s t ing.  

Wing.- The b a s i c  wing of t h e  KC-135A model  has 7O d ihedra l ,  2O of i nc idence  
a t  t h e  root chord, and no  geometric t w i s t .  The wing   th ickness  r a t io  v a r i e s  non- 
l i n e a r l y   f r a n   1 5   p e r c e n t  a t  the   wing-fuse lage   junc ture  to 9 percent  a t  t h e  
t r a i l i ng -edge   b reak   s t a t ion   and   t hen   r ema ins   cons t an t  to  the   w ing   t i p .  The 
t r a p e z o i d a l  planform of t h e  wing  has a quarter-chord  sweep of 35O, an aspect 
ra t io  of  7.12, and a taper ratio of  0.34. For all da ta   ana lyses ,   t he   r e f e rence  
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geometry parameters S, b,  and E are based   on   the   t rapezoida l   p lanform of 
t h e   b a s i c  wing extended to  t h e   f u s e l a g e   c e n t e r l i n e .  

!l'wo wings were used   du r ing   t he   i nves t iga t ion .  One had   provis ion  for 
a t t ach ing   va r ious   combina t ions  of flaps and  a i lerons.   This   wing,   designated 
wing F i n   t a b l e  11, was used for most of t h e  Mach 0.30 tests and   for  a l l  t h e  
tests a t  l a r g e  sideslip angles .  When t h e   w i n g l e t s  were a t t a c h e d  to t h i s  wing 
t h e   l e f t - w i n g l e t   p r e s s u r e - o r i f i c e   t u b e s  were r o u t e d   a l o n g   t h e  lower s u r f a c e  of 
t h e   l e f t - h a n d   p a n e l   i n t o   t h e   s i d e  of t h e   f u s e l a g e .  A plas t ic  f i l l e r  material 
was added  over   the  tubing to  produce a "smooth" bump. The other   wing,   desig-  
nated wing B, d i d   n o t   h a v e   a i l e r o n s  or flaps but   had  seven rows of chordwise 
p r e s s u r e  orifices in   t he   r i gh t -hand   pane l .   Wing le t   p re s su re -o r i f i ce   t ubes  were 
routed  through  the  lef t -hand  panel .   This   wing was u s e d   f o r   l i m i t e d  tests a t  
a Mach number of 0.30  and f o r  a l l  t h e  tests above a Mach number of  0.30. 

Winglet.- The w i n g l e t   u s e d   i n   t h i s   i n v e s t i g a t i o n ,  a de ta i led   d rawing   of  
which is g i v e n   i n   f i g u r e   l ( b ) ,  was deve loped   du r ing   t he   i nves t iga t ion   r epor t ed  
i n   r e f e r e n c e s  5 to 7. It  e m p l o y s   a n   8 - p e r c e n t - t h i c k   g e n e r a l   a v i a t i o n   a i r f o i l ,  
t h e   c o o r d i n a t e s  for which are p resen ted   i n   r e f e rence   1 .  The wingle t   has  a span 
equal  to the  wing-tip  chord  and a root chord   equal  to  65   percent  of t h e  wing- 
t i p  chord. I t  has   an  aspect ra t io  of  2.33, a t a p e r  r a t io  of  0.32, a leading-  
edge  sweep  of 38O, and a planform area f o r   b o t h   w i n g l e t s   e q u a l  to 3 .2   percent  
of the   t r apezo ida l   p l an fo rm area of   the   bas ic   wing .  The wingle t  is canted   ou t -  
board 15O f r m   t h e   v e r t i c a l  (75O d ihedra l )   and   t oed   ou t  4 O  ( lead ing   edge   ou t -  
b o a r d )   r e l a t i v e  to t h e   f u s e l a g e   c e n t e r l i n e .  The w i n g l e t   t r a i l i n g   e d g e  is 
loca ted   nea r   t he  wing t r a i l i n g   e d g e  for g r e a t e s t   e f f e c t i v e n e s s   ( r e f .  1 ) . The 
wingle t  is untwisted  and  the  "upper   surface" is the   i nboa rd   su r f ace .  To smooth 
t h e   t r a n s i t i o n   f r o m   t h e  wing to  the   w ing le t ,  f i l l e t s  were added to t h e   i n s i d e  
c o r n e r s  a t  t h e   j u n c t u r e s   a n d   t h e   o u t s i d e   c o r n e r s  were rounded. 

Nacelles.- F low- th rough   nace l l e s   w i th   an   i n l e t   d i ame te r   o f  2.90 c m  
(1 .14  in . )   and  an  exi t   d iameter   of  2.07 cm (0.82  in.)  were used. The i n l e t  
diameter  was maintained back to  approximately 0.66 o f   t he   nace l l e   l eng th   and  
t h e n   t a p e r e d   l i n e a r l y  t o  t h e   e x i t .  

F l aps   and   a i l e rons . -   F ixed   f l aps   and   ou tboa rd   a i l e rons  were a t t a c h e d   f o r  
par t  of t h e  tests a t  a Mach number of  0.30. When a t t a c h e d ,   t h e   f l a p s  were 
d e f l e c t e d  30°, t h e   r i g h t   a i l e r o n  was u n d e f l e c t e d ,   a n d   t h e   l e f t   a i l e r o n  was 
d e f l e c t e d  to  e i t h e r  Oo, 20°, or -2OO. 

T a i l   s u r f a c e s . -  The h o r i z o n t a l  t a i l  could  be set a t  f i x e d   d e f l e c t i o n s  of 
Oo, -4O, and - loo ,  and was removed to p rov ide   t a i l -o f f   da t a   fo r   t he   h igh - speed  
t e s t i n g .  The v e r t i c a l  t a i l  was f i x e d  a t  Oo. 

Boundary-Layer   Trans i t ion   S t r ips  

Boundary- layer   t rans i t ion  str ips were a p p l i e d  to a l l  s u r f a c e s .  The t ran-  
s i t i o n  s t r ips  were comprised of a 0.16-cm (0.06-in.)  wide  band  of  carborundum 
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g r a i n s  s e t  i n  a p las t ic  adhesive.  The g r a i n s  were s ized   accord ing  to the   t ech-  
n iques   d i scussed   i n   r e f e rence   13 .  

No.  220 carborundum  grains were a p p l i e d  to t h e   f u s e l a g e  3.81 cm (1 .50  in . )  
a f t  of  the  nose.  N o .  220-grain str ips were also a p p l i e d  a t  0 . 0 5 ~  on  the upper 
and lower s u r f a c e s  of the   w ings ,   ho r i zon ta l  t a i l ,  a n d   v e r t i c a l  t a i l .  The pylons 
and  nacel les   had No.  240-g ra in   t r ans i t i on  strips p l a c e d  0.64 cm (0 .25  in . )  back 
from the   l ead ing   edges .   T rans i t i on  s t r ips  o n   t h e   w i n g l e t s  (also 0.16 c m  
(0.06  in.)  wide) were No.  240 g r a i n s   a p p l i e d  a t  0 . 0 5 ~  on   the   upper   sur face   and  

No .  220 g r a i n s   a p p l i e d  a t  0 . 3 5 ~  on   t he  lower s u r f a c e .   T r a n s i t i o n  s t r ips  on t h e  
lower s u r f a c e s   o f   t h e   w i n g l e t s  were l o c a t e d  by t h e  method  of  reference 1 4  i n  
a n  attempt to s imula te   fu l l - sca le   boundary- layer   d i sp lacement  a t  t h e   t r a i l i n g  
edge for an   idea l   Reynolds  number of 40 x 1 06. 

Tes t   Cond i t ions  

Measurements were taken a t  Mach numbers  of  0.30 , 0.50 , 0.70,  0.78,  and  0.82 
wi th   the   angle-of -a t tack   range  from approximately -8O to  16O. The Reynolds num- 
bers, free-stream dynamic  pressures ,   and  the  nominal   s idesl ip   angles  a t  which 
d a t a  were obta ined  are shown i n  table  11. 

Measurements 

Force and moment d a t a  were obta ined  by use of a six-component electrical  
s t ra in-gage  balance.  An accelerometer located i n   t h e   f u s e l a g e  was used to mea- 
sure a n g l e  of attack. S t a t i c   p r e s s u r e s  were measured   in   the  model s t i n g   c a v i t y  
and a t  t h e  model base by u s i n g   d i f E e r e n t i a 1 - p r e s s u r e   t r a n s d u c e r s   r e f e r e n c e d  to 
free-stream s t a t i c  p r e s s u r e .  

C o r r e c t i o n s  

I n   t h e  8-foot t r a n s o n i c   p r e s s u r e   t u n n e l   t h e   a n g l e  of attack was c o r r e c t e d  
for f l o w  a n g u l a r i t y   i n   t h e  t es t  s e c t i o n .  The c o r r e c t i o n  was obta ined  by t e s t i n g  
t h e  model   upright   and  inverted.   In   the  high-speed 7- by 10- foot   tunnel   the   angle  
of attack was measured a t  the  back  of   the  support   s t ing  and was c o r r e c t e d   f o r  
def lec t ions   o f   the   ba lance   and   s t ing   combina t ion .  A c o r r e c t i o n   f o r   t e s t - s e c t i o n  
f l o w   a n g u l a r i t y  was assumed to be neg l ig ib l e   based   on  tests with a similar s i z e  
model. The l i f t ,  d rag ,   and   p i tch ing-moment   coef f ic ien ts   have   been   ad jus ted  to  
correspond to a f r e e - s t r e a m   s t a t i c - p r e s s u r e   c o n d i t i o n  a t  the  base  of   the   model  
a n d   w i t h i n   t h e   s t i n g   c a v i t y .  

PRESENTATION OF  RESULTS 

The r e s u l t s  of t h i s   i n v e s t i g a t i o n  are p r e s e n t e d   i n   t h e   f o l l o w i n g   f i g u r e s .  
N o  pe r fo rmance   r e su l t s  are p r e s e n t e d   f o r  wing F because of i n t e r f e r e n c e   e f f e c t s  
caused by the   p re sence  of the   w ing le t   p re s su re   t ubes   on   t he  wing lower s u r f a c e .  
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Long i tud ina l   ae rodynamic   cha rac t e r i s t i c s :  
A t  M, . 0.30 f o r   c o n f i g u r a t i o n   w i t h   w i n g  B. 6h . -1 Oo . . . . . . .  
A t  M, = 0.30 f o r   c o n f i g u r a t i o n   w i t h  wing F. Winglets  on; 

A t  h igh   subsonic   speeds :  
6 h = - 1 O 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6 h = o o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
E f f e c t  of h o r i z o n t a l  t a i l .  6 . Oo . . . . . . . . . . . . . . . . .  
T r i m  l i f t  coefficient. 6h . -40; B . 00 . . . . . . . . . . . . .  
Summary. CL . 0.40 ; 6h . -40; B . 00 . . . . . . . . . . . . . .  

Late ra l -d i r ec t iona l   ae rodynamic   cha rac t e r i s t i c s :  
A t  M = 0.30. 6h = -1 oo: 

E f f e c t  of s i d e s l i p  for conf igura t ion   wi th   wing  B . . . . . . . . . .  
E f f e c t  of s i d e s l i p  for c o n f i g u r a t i o n   w i t h  wing F. Winglets   on . . .  
S t a b i l i t y  parameters . . . . . . . . . . . . . . . . . . . . . . . .  

A t  high  subsonic   speeds.   6h = Oo: 
E f f e c t  of s i d e s l i p  . . . . . . . . . . . . . . . . . . . . . . . . .  
S t a b i l i t y  parameters . . . . . . . . . . . . . . . . . . . . . . . .  
Summary. CL . 0.40; . Oo . . . . . . . . . . . . . . . . . . . .  

DISCUSSION OF RESULTS 

Longi tudina l   Aerodynamic   Charac te r i s t ics  

F igure  

3 

4 

5 
6 
7 
8 

9 
10 
11 

12 
1 3  
1 4  

Performance.-   Several   models   have  been  ut i l ized to obtain  the  aerodynamic 
results f o r   t h e  KC-135A. (See   t ab l e  I.) The mode l s   d i f f e red   bo th   i n  scale and 
i n  wing s t i f f n e s s .   I n  particular,  the  semispan  model  of  references 4 to 7 was 
cons t ruc t ed  to obta in   the   h ighes t   poss ib le   Reynolds   numbers  on the  winglets   and 
a l s o  to achieve  a d e f l e c t e d  wing  shape  under  load  which  approximated  that  of  the 
f u l l - s c a l e   a i r p l a n e   i n  cruise f l i g h t .  The fu l l - span  model  of  the  present  inves- 
t iga t ion ,   on   the   o ther   hand ,  was u t i l i z e d   p r i m a r i l y  to  o b t a i n   s t a b i l i t y  and  con- 
t ro l  resul ts ,  p a r t i c u l a r l y   i n   t h e  yawed condition,  and  employed a steel wing 
which d e f l e c t e d  less t h a n   t h e   f u l l - s c a l e  wing. A s  a resul t ,  the  performance 
da ta   con ta ined   he re in   shou ld  be used  with  caut ion,   and  appropriate   adjustments  
should be made f o r   f l e x i b i l i t y   e f f e c t s .  Data f o r   t h e  KC-135A semispan  model, 
where   ava i lab le ,   should  be cons idered  as t h e  prime d a t a   f o r  use in   performance 
ana lyses .  R e s u l t s  o f   t h e   p r e s e n t   i n v e s t i g a t i o n   i n d i c a t e   t h a t   w i n g l e t s  are 
ef fec t ive   in   reducing   drag   over   the   range   of  Mach numbers t e s t e d   ( f i g s .  3 
to  6 ) .  

Law-speed c h a r a c t e r i s t i c s . -  The d a t a   i n d i c a t e   t h a t   w i n g l e t s   i n c r e a s e   t h e  
K-135A l o n q i t u d i n a l  s tatic s t a b i l i t y   ( s l o p e  of t h e   c u r v e  of p i t c h i n g m a n e n t  - 
c o e f f i c i e n t   v e r s u s   l i f t   c o e f f i c i e n t  becomes more n e g a t i v e ) .  The w i n g l e t s  also 
d e l a y   t h e  pitch-up c h a r a c t e r i s t i c s  of t h e   b a s i c  KC-135A. 

The d a t a   p r e s e n t e d  are f o r  an untrimmed c o n f i g u r a t i o n   w i t h o u t   f l a p s  
( f i g s .   3 ( a )  to  3 ( c ) )   a n d   f o r  a n e a r l y   t r i m m e d   t a k e o f f   c o n f i g u r a t i o n ,  (jf = 30° 
and CL IJ l . Q  ( f i g s .  4 (a)  t o  4 (e ) ) .  T h e s e   d a t a   a l o n g   w i t h   d a t a   i n   f i g u r e   1 3  of 
r e f e r e n c e  8 for t h e   t a k e o f f   c o n d i t i o n   i n d i c a t e   t h a t   t h e   a d d i t i o n  of t h e  wing- 
l e t s  r equ i r e s   app rox ima te ly  0.5O more nega t ive   ho r i zon ta l -  t a i l  d e f l e c t i o n  t o  



a c h i e v e   t h e  same nearly  t r immed  condi t ion.  The d a t a   o b t a i n e d   i n   t h e  t w o  wind 
tunne l s   ( f i g .  4 (a)  ) d i d   n o t   d i f f e r   i n   l i f t - c u r v e  slope (2% or l o n g i t u d i n a l  

s t a b i l i t y  . Canparison  of   f igure 4(a) w i t h   f i g u r e  5 of   re fe rence  8 shows 

t h a t   t h e  bump o n   t h e   l e f t - h a n d   p a n e l  lcwer surface ( f o r   i n s t r u m e n t a t i o n )   d i d  
n o t   a f f e c t   t h e   l i f t - c u r v e  slope or t h e   l o n g i t u d i n a l   s t a b i l i t y .  The e f f e c t s   d u e  
t o  i n c r e a s i n g  R e y n o l d s  number were, as e x p e c t e d ,   s l i g h t  increases i n  maximum 
l i f t   c o e f f i c i e n t  and l i f t - c u r v e  slope a t  the   h ighe r   ang le s  of at tack, and s l i g h t  
dec reases  i n  long i tud ina l   s t ab i l i t y .   (See   f i g .   3 (b ) ,   f o r   example . )   Excep t   fo r  
small changes i n   t h e   l o n g i t u d i n a l   s t a b i l i t y  a t  l i f t  coef f i c i e n t s  less  than  0.6, 
t h e r e  w a s  no e f f e c t  of s i d e s l i p   a n g l e ,   u p  to 51 2O, o n   t h e   l o n g i t u d i n a l   c h a r a e -  
terist ics ( f i g s .  4(c) t o  4 ( e ) ) .  

c"cL 

High-speed . -  c h a r a c t e r i s t i c s . -  The d a t a   i n   f i g u r e s  4 and 5 i n d i c a t e   t h a t  
w i n g l e t s  cause a s l i g h t   i n c r e a s e   i n   t h e   l i f t - c u r v e  slope. The w i n g l e t s  
i n c r e a s e   t h e   l o n g i t u d i n a l   s t a b i l i t y   s l i g h t l y  and also d e l a y   p i t c h - u p   i n   t h e  
basic KC-135A. The KC"I35A wi th  a h o r i z o n t a l - t a i l   d e f l e c t i o n   o f  -4O is  trimmed 
i n  t h e   r a n g e   o f   l i f t   c o e f f i c i e n t s   f r a n  0.30 to  0.40 without   winglets   and is 
trimmed i n   t h e   r a n g e   o f   l i f t  coef f i c i e n t s   f r a n  0.26 t o  0.34 w i t h   w i n g l e t s .  
( S e e   f i g s .  6 and 7.) A t  a l i f t   c o e f f i c i e n t  of  0.40, t h e   r e p r e s e n t a t i v e  c r u i s e  
c o n d i t i o n   u s e d   i n  a l l  p e v i o u s  analyses, t h e   a d d i t i o n  of t h e   w i n g l e t s  requires 
between 0.27O and 0.38O more n e g a t i v e   h o r i z o n t a l - t a i l   d e f l e c t i o n  for  trim. The 
a s s o c i a t e d   d r a g   p e n a l t y  i s  minimal.  Reference 1.5 i n d i c a t e s   t h a t  when t h e   f l i g h t  
p r o f i l e  of t h e  KC-135A wi th   w ing le t s  is reopt imized  for long-range c r u i s e ,  t h e  
average cruise l i f t  c o e f f i c i e n t   i n c r e a s e s   f r a n  0.426 t o  0.447  and t h e  cruise 
Mach number i n c r e a s e s  fran 0.770 to  0.774.  The d a t a   i n   f i g u r e   6 ( c )  (M, = 0.78) 
i n d i c a t e  t h a t  t h i s  change i n  a v e r a g e   c r u i s e   l i f t   c o e f f i c i e n t  w i l l  result i n  
0.470 more n e g a t i v e  t a i l  d e f l e c t i o n .  The a s s o c i a t e d   d r a g   c o e f f i c i e n t   p e n a l t y  
would a g a i n  be minimal, a b u t  0.0001. Reference 5 i n d i c a t e s   t h a t   t h i s   c h a n g e  
in   average  c r u i s e  l i f t  c o e f f i c i e n t  w i l l  r e s u l t  i n  a d e c r e a s e   i n   d r a g   c o e f f i c i e n t  
of 0.0008. 

Summary d a t a  a t  a l i f t   c o e f f i c i e n t  of 0.40 and   hor izonta l  t a i l  d e f l e c t i o n  
of -4O are  p r e s e n t e d   i n   f i g u r e  8.  The a d d i t i o n  of the w i n g l e t s  has a s l i g h t ,  
f a v o r a b l e   e f f e c t   o n   t h e   l i f t - c u r v e  slope CL,. T h i s   e f f e c t   d e c r e a s e s   w i t h  

i n c r e a s i n g  Mach numkr .  A l s o ,  t he  s t a t i c  margin   increases  by 1.5 t o  3.0 per- 
c e n t   t h r o u g h   t h e  Mach  number range. 

Lateral-Direct ional   Aerodynamic Characteristics 

The a d d i t i o n  of t h e   w i n g l e t s   h a s  a s i g n i f i c a n t   e f f e c t   o n   t h e  la teral-  
d i r e c t i o n a l   s t a b i l i t y  a t  all Mach numbers.  (See f i g s .  9 t o  13.)   Winglets  
i n c r e a s e   t h e   d i h e d r a l  effect -Czg (lateral s t a b i l i t y )  a t  Q-uise  l i f t  coeffi- 
c i e n t s  by about   18   percent  a t  lcw speds  ( f i g .  1 1 )  and by a b u t  20 p e r c e n t  a t  
h igh   subson ic  speeds ( f i g s .   1 3  and 1 4 ) .  W i n g l e t s   i n c r e a s e   t h e   d i r e c t i o n a l  
s t a b i l i t y  C for n e a r   c r u i s e   l i f t   c o e f f i c i e n t s  by about 6 p e r c e n t  a t  lck~ 

subson ic  speeds ( f i g .  1 1 )  to abou t   10   pe rcen t  a t  h igh   subson ic  speeds ( f i g s .   1 3  
"f3 
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and 1 4 )  . Reference 1 5  i n d i c a t e s   t h a t   t h e s e   l a r g e   c h a n g e s   i n   t h e  lateral- 
d i r e c t i o n a l   s t a b i l i t y  parameters could have a s i g n i f i c a n t  effect on   t he  unaug- 
mented   Dutch- ro l l   charac te r i s t ics .  

S i d e s l i p   a n g l e s  up to f l2O  have   no   s ign i f i can t  effect o n   t h e  la teral-  
d i r e c t i o n a l   c h a r a c t e r i s t i c s  of t h e   w i n g l e t   c o n f i g u r a t i o n   ( f i g s .  1 O(b) t o  l O ( e ) ) .  
Also, v a r i a t i o n  of Reynolds number does   no t   change   t he   e f f ec t  of t h e   a d d i t i o n  
of wing le t s  on t h e   l o w - s p e e d   l a t e r a l - d i r e c t i o n a l   s t a b i l i t y   ( f i g .  11). 

SUMMARY OF RESULTS 

A wind-tunnel  investigation  has  been  conducted to  i d e n t i f y   v a r i a t i o n s   i n  
s t a b i l i t y  and   cont ro l  due to t h e   a d d i t i o n  of wing le t s  to a model of t h e  KC-135A. 
S t a t i c   l o n g i t u d i n a l   a n d   l a t e r a l - d i r e c t i o n a l   a e r o d y n a m i c   c h a r a c t e r i s t i c s   h a v e  
been  determined  for  a 0.035-scale model of t h e  KC-1 35A with  and  without   winglets  
a t  Mach numbers from 0.30 t o  0.82, a t  angles  of attack from -8O t o  16O, and a t  
a n g l e s   o f   s i d e s l i p  to 12O. The fo l lowing  results were obta ined:  

1 .  Winglets  produce small f a v o r a b l e   e f f e c t s   o n   t h e   l i f t - c u r v e  slope Ck. 
T h i s   e f f e c t  decreases wi th   i nc reas ing  Mach number. 

2. Wing le t s   i nc rease   l ong i tud ina l  s t a t i c  s t a b i l i t y .  

3. Wingle t s   r equ i r e  less than 0.5O change i n   t h e   h o r i z o n t a l - t a i l  trim 
d e f l e c t i o n .  The associated trim d r a g   c o e f f i c i e n t  i s  minimal ( a b u t  0.0001 a t  
c r u i s e  cond i t ions  ) . 

4. W i n g l e t s   i n c r e a s e   t h e   l i f t   c o e f f i c i e n t  a t  which  pitch-up  occurs.  

5. Wingle ts   increase  the d i h e d r a l   e f f e c t   a b u t   1 8  t o  20 percent   and   the  
d i r e c t i o n a l   s t a b i l i t y  a b u t  6 t o  1 0  percent .   These  large  changes  could  have 
a s i g n i f i c a n t   e f f e c t   o n   t h e  unaugmented Dutch-roll c h a r a c t e r i s t i c s .  

Langley  Research  Center  
Nat ional   Aeronaut ics   and  Space  Adminis t ra t ion 
Hampton, VA 23665 
August  24, 1979 
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TABLE I .- PUBLICATION SERIES ON THE EFFECT OF WINGLETS ON A E-135A 

*I-, 

Part NASA 
Pub. No. Model 

I 

I1 

I11 

I V  

V 

VI 

TN D-8473 Semispan; 0.30 t o  0.80 
0.07 s c a l e  

TN D-8474 Semispan; 0.70 to  0.80 
0.07 scale 

TN D-8478 Semispan; 

' paper) 

TP-1119 

TP-1163 

TP- 1 330 
(This 

, 

0.07 scale 

Ful l   span;  
0.035 scale 

0.30 

1 0.30 

Full span; 0.50 to  0.95 
0.035 s c a l e  
ta i l less  
generalized 
fuselage 

F u l l  span; 0.30 to 0.95 
0.035 scale 

1 

Data presented  (not   inclusive)  

Long i tud ina l   cha rac t e r i s t i c s   fo r   bas i c  wing t i p  and  other  
t ip  configurations;   incremental   wing-root  bending 
moments; low-speed l o n g i t u d i n a l   c h a r a c t e r i s t i c s   f o r  basic 
wing t i p  and o the r   t i p   con f igu ra t ions ,   w i th  and without 
h igh- l i f t   devices .  

Wing and winglet   chordwise  pressure and  spanwise load dis- 
t r i bu t ions   fo r   bas i c   and   s eve ra l  t i p  configurat ions.  

Wing and winglet   chordwise  pressure and spanwise load dis- 
t r i b u t i o n s  for basic and seve ra l   t i p   con f igu ra t ions ,   w i th  
and without   high-l i f t   devices .  

Low-speed long i tud ina l   and   l a t e ra l -d i r ec t iona l   cha rac t e r i s -  
t ics f o r   s e v e r a l   f l a p ,   a i l e r o n ,  and h o r i z o n t a l - t a i l  con- 1 
f igu ra t ions   w i th  and  without  an  upper  winglet. 

Longitudinal and l a t e r a l - d i r e c t i o n a l   c h a r a c t e r i s t i c s   w i t h  
and  without  an upper winglet   for  wide angle-of-attack 
range;  incremental wing bending moments; wing bu f fe t   w i th  
and  without  an upper winglet. 

L o n g i t u d i n a l   a n d   l a t e r a l - d i r e c t i o n a l   c h a r a c t e r i s t i c s   w i t h  
and without  an upper winglet;  low-speed lateral-  
d i r e c t i o n a l   c h a r a c t e r i s t i c s  up to 12O s i d e s l i p   f o r  take- 
off   configurat ion  with  winglets .  



TABLE 11.- TEST CONDITIONS AND M3DEL CONFIGURATIONS 

I. 30 

.30 

.30 

.30 

.30 

.50 

.70 

.78 

.82 - 

R 

per 

5.84 x l o 6  

6.11 x l o 6  

5.84 x l o 6  

6.11 x l o 6  

6.41 x l o 6  

7.02 x l o 6  

11.69 x l o6  
t o  

t o  

to 

to 

12.22 x 106 

11.69 x l o 6  
to 

12.22 x 106 

6.81 x l o E  

per f t  

1.78 x l o 6  
to 

1.86 x l o 6  

I .78 x 106 
to 

I .86 x l o 6  

1.96 x l o 6  
to 

2.14 x l o 6  

3.56 x l o 6  
to 

3.72 x l o 6  

3.56 x 1 O 6  
to 

3.72 x l o 6  

2.08 x l o 6  

8.64 x l o 6  2.63 x 106 

9.1 8 x l o6  2.80 x l o E  

9.41 x l o 6  2.87 x l o f  
I 

k Pa 

6.00 

6.00 

6.00 t o  6.09 

12.02 

12.02 

11.23 

18.83 

21.69 

23.04 

-F 

125 

1 25 

25 t o  127 

251 

251 

235 

393 

453 

4 a1 

0, +5 

0 

0, +5, 
+9, +1: 

0,  25 

0, +5 

0,  25 

0, +5 

0,  +5 

0, +5 

LaRC 
wind 
: unnel 

T; 
J i g  

- 
B 

F 

F 

B 

F 

B 

B 

B 

B - 

Ringlet  
- 
I f f  

X 
- 

X 

X 

X 
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